Introduction
============

Hepatocellular Carcinoma (HCC) represents the third most common cause of cancer related mortality, being the sixth most common cancer worldwide [@B1]. The greatest burden of the disease is concentrated in Asia and sub-Saharian Africa, where incidence rates are up to five times higher compared to Europe or North America [@B2], mostly due to the high prevalence of relevant risk factors for the development of HCC, including hepatitis B (HBV) and hepatitis C virus (HCV) infections in these countries [@B3]. However, incidence rates for HCC in North America have tripled since 1975 [@B4]. Treatment approaches depend on the stage of the tumor at diagnosis, and the only curative treatment options being surgical resection or liver transplantation [@B5]. There are no curative treatment approaches for advanced staged HCC, and the only FDA-approved systemic treatment available to date is Sorafenib, a multi-kinase inhibitor with modest efficacy in increasing quality-adjusted life-years [@B1], [@B6]. Therefore, new effective treatment strategies are urgently needed. In a study using immunohistochemical analysis of HCC tissue samples, activation of the PI3K/AKT/mTOR signaling pathway was frequently detected, i.e. activation of AKT was detected in 71,5%, and activation of mTOR in 47,5% of HCC samples analyzed [@B7]. AKT, also referred to as Protein kinase B, plays a pivotal role within the PI3K/AKT/mTOR pathway and numerous cellular functions, including proliferation, survival and migration [@B8]. Mammalian target of rapamycin (mTOR) is a downstream target of PI3K/AKT and acts as an integrator for a variety of stimuli, including mitogens as well as energy- and nutrient-levels, and takes influence on translation, proliferation and autophagy [@B9]. There is a complex interaction between AKT and mTOR, given that mTORC2 phosphorylates AKT within the carboxyterminus, which is required for full kinase activity of AKT, and AKT in turn controlls mTOR activity via regulation of the TSC1/2-complex [@B10]-[@B12]. Activation of the PI3K/AKT/mTOR pathway has been shown to be related to a poor overall prognosis in gastrointestinal and gynecological carcinoma [@B13]. Specifically in HCC, mTOR activation appears to be associated with less differentiated tumors, poor survival and early recurrence after resection [@B14]. Allosteric inhibitors of mTOR have been in the focus of oncological research for a long time [@B15]. However, recent results from the EVOLVE-1 trial using RAD001 as monotherapy in advanced HCC were desillusionating, since no significant difference in overall survival could be detected [@B16]. With an emerging understanding of the importance of mTORC2 signaling in tumorigenesis, compounds like the novel, highly selective, ATP competitive mTOR inhibitor AZD8055, that targets both mTORC1 and mTORC2, might therefore provide a therapeutic superiority compared to rapalogs, which primarily inhibit mTORC1 signaling [@B11], [@B17]. In this context, a feedback mechanism was demonstrated which restores a substantial part of AKT activity even after effective blockade of mTORC2 [@B18], [@B19]. To further address the functional role of AKT and mTOR in HCC cell lines, we analyzed the combined effects of AZD8055 and the allosteric AKT inhibitor MK-2206, that is currently being evaluated in numerous clinical trials [@B20].

The RAF/MEK/ERK signaling pathway plays a critical role in cancer development and progression, and was shown to be activated in up to 58% of all HCC samples analyzed [@B21]-[@B23]. Extracellular signal-regulated kinase (ERK) is a downstream kinase of many cell surface receptors, including EGFR, IGFR, MET and others [@B24], and has a wide range of substrates, which ultimately promote proliferation, cell survival, invasion and migration [@B25]. AZD6244 (ARRY-142886), also referred to as Selumetinib, is a selective allosteric inhibitor of the MEK1/2 kinases and can be used to disrupt downstream signaling to ERK. The efficacy of AZD6244 alone or combined with Sorafenib has already been demonstrated in a xenograft HCC model, and clinical trials have been initiated [@B26]-[@B28]. Both, the RAF/MEK/ERK and the PI3K/AKT/mTOR pathways play an important role in the control of cell proliferation and survival. There is evidence of a diligent cross-regulation between these two pathways and results from previous studies suggest a high level of functional redundancy between them [@B29]. Therefore, simultaneous inhibition of both pathways appears to be reasonable and has been shown to be effective in non-small-cell lung carcinoma (NSCLC) cell lines in both *in vitro* and *in vivo* experiments [@B30]. In this study, we demonstrate that combined targeting of AKT, mTOR and MEK/ERK using MK-2206, AZD6244 and AZD8055 is efficacious and synergistic in the inhibition of HCC cell proliferation. Our results suggest that dual targeting of AKT and mTOR, as well as AKT and MEK might be a promising therapeutic approach in the treatment of hepatocellular carcinoma.

Material and Methods
====================

Chemicals and reagents
----------------------

AZD8055 and AZD6244 were obtained from SelleckChem (Absource Diagnostics GmbH, Munich, Germany). MK-2206 was obtained from AbMole BioScience (Kowloon, Hongkong). Stock solutions with a concentration of 10 mM were prepared and stored at -80 °C. Antibodies against pan AKT, AKT1, AKT2, pAKT (S473), pAKT (T308), mTOR, pmTOR (S2448), pmTOR (S2481), pERK (T202/Y204), ERK, pMEK (S217/221), MEK 1/2, pGSK3-beta (S9), Cyclin D3, 4EBP-1, SKP-2 and pS6 (S240/244) were purchased from Cell Signaling Technology (Danvers, MA, USA). Antibodies against p27, PTEN and HSC-70 were purchased from Santa Cruz. Propidium Iodide (PI) was obtained from Sigma (Taufkirchen, Germany).

Cell culture
------------

The three hepatocellular carcinoma cell lines Hep3B, HepG2 [@B31] and Huh-7 [@B32] were a kind gift from Prof. Dr. H. Will at the Heinrich-Pette institute in Hamburg, Germany. All cell lines were maintained in Dulbecco\'s Modified Eagle\'s Medium (DMEM), supplemented with 10% (v/v) fetal calf serum (FCS), and 1% (v/v) penicillin and streptomycin. Cells were cultured at 37°C in a humidified atmosphere containing 5% CO~2~. All cell lines were used at low passage number not exceeding 30 passages, except for a model of acquired MEK inhibitor resistance. For experiments including cells that underwent prolonged MEK-inhibitor treatment, HepG2 cells were cultured in standard DMEM medium with AZD6244 added to a final concentration of 5µM. Cells were maintained under these conditions for six months before experiments were carried out.

Western blot analysis
---------------------

Western blot analysis was performed as described previously [@B33]. Protein expression was quantified using an LAS-3000 Imager from Fuji (Raytest, Straubenhardt, Germany).

Lentiviral knockdown of AKT isoforms
------------------------------------

pLKO.1-puro vector encoding AKT1, AKT2 and non-target (scrambled, SCR) shRNA were purchased from Sigma-Aldrich (Taufkirchen, Germany). For double AKT isoform knockdown, puromycin resistance in the AKT2 and the control vector was exchanged for neomycin resistance (kind gift of Prof. Fehse, UKE Hamburg). Generation of pseudotyped lentiviruses and transduction were performed as previously described [@B33], [@B34]. Cells transduced with AKT1 shRNA containing vectors were selected by addition of puromycin (Sigma-Aldrich, Taufkirchen, Germany) to culture medium with a final concentration of 1.5 μg/ml for at least one week, followed by sequential transduction with an AKT2 shRNA containing vector and selection with puromycin (final concentration 1,5 µg/ml) and G418 (final concentration 800µg/ml) containing medium. Controls were transduced sequentially with the control shRNA vectors.

Proliferation, apoptosis, colony formation and cell cycle analysis
------------------------------------------------------------------

Proliferation was analyzed either by flow cytometry using the BrdU APC Flow Kit (BD, Pharmingen, CA, USA) or with the colorimetric BrdU ELISA Kit (Roche, Basel, CH) as indicated. For FACS-based assays, cells were seeded into 10 cm dishes and allowed to attach overnight. Then, medium was replaced by medium containing the respective inhibitor or inhibitor combination. Controls were treated with dimethyl sulfoxide (DMSO) only, and final DMSO concentration in culture medium was 0.1% (v/v) in all experiments. For cell labeling, BrdU was added to a final concentration of 10 µM, and cells were incubated for 12 to 16 h. For cell cycle analysis, cells were fixed in ice cold 70% ethanol for at least 6 h, washed and subsequently incubated with 5 µg PI and 5 µg RNAse A for one hour. Each experiment was performed in triplicates and has been repeated at least one time. Analysis was performed on BD Canto flow cytometer (BD Pharmingen, CA, USA). Cell cycle analysis was performed using FlowJo 7.6.5 software.

For BrdU ELISA assays, cells were seeded into 96-well plates and allowed to attach overnight. Cells were then incubated for 72 h with the respective compounds, and controls were treated with DMSO only. For apoptosis assays, cells were seeded into 96-well plates and grown in culture medium supplemented with 0.1 % FCS (v/v) before incubation with the different compounds for 24h. BrdU ELISA and Cell Death Detection ELISA plus (Roche, Basel, CH) were performed as described by the manufacturer. Each experiment was repeated at least three times in triplicates.

Immunoprecipitation and AKT isoform specific in vitro kinase assay
------------------------------------------------------------------

Immunoprecipitation of AKT using a pan AKT antibody and subsequent *in vitro* kinase assay was performed as described before [@B34], [@B35].

Statistical Analysis
--------------------

Student\'s t-Test (unpaired, 2-tailed) or Kruskal-Wallis test was calculated based on the data of at least three independent experiments. Bonferroni correction for multiple testing was performed where applicable. Results were considered significant if p\<0.05. All error bars represent SD, unless indicated otherwise. Drug interactions were analyzed based on the median effect method of Chou and Talalay [@B36]. CalcuSyn software (Biosoft, Cambridge, UK) was used to calculate a Combination Index (CI) for each combination point. CI values from 0.3 to 0.7 are considered to indicate synergism, CI values below 0.3 are considered to represent strong, and values below 0.1 very strong synergism. The CI values were used to draw a plot of CI values over a range of fractions affected as described [@B36]. IC~50~ values, i.e. the concentration of a compound that inhibits response by 50% corresponding to the Fraction affected (Fa) of 0.5, were calculated using CurveExpert Professional 1.3 software.

Results
=======

Combined inhibition of AKT and MEK or mTOR is synergistic in HCC cell lines
---------------------------------------------------------------------------

We first analyzed the activity of the PI3K/AKT/mTOR and RAF/MEK/ERK signaling pathways in the three HCC cell lines Hep3B, HepG2 and Huh-7. Constitutive activation of both pathways was detected by Western blot analysis, as previously described (Figure [S1](#SM1){ref-type="supplementary-material"} and [@B37]). We then analyzed the efficacy of the MEK inhibitor AZD6244 and the mTOR kinase inhibitor AZD8055 in suppressing the activity of their corresponding downstream targets ERK and S6, as shown in Figure [S1](#SM1){ref-type="supplementary-material"}. Of note, AZD6244 was unable to suppress phosphorylation of ERK at T202/Y204 even at 1000nM, probably due to a relief of the feedback inhibition of BRAF, as indicated by the concomitant increase in pMEK [@B38]. MK-2206 has been evaluated in the three HCC cell lines before as published by our group in [@B37]. To assess the impact of AZD6244 and AZD8055 on proliferation, the three HCC cell lines were treated with a broad range of concentrations over 72h, and proliferation was measured by BrdU incorporation (Figure [S2](#SM1){ref-type="supplementary-material"}). AZD8055 caused a strong reduction in growth of Hep3B and Huh-7, with IC50 values of 47.9 nM and 24.5 nM respectively. However, AZD8055 failed to induce a fifty percent inhibition of proliferation in HepG2 cells even at a concentration of 1000 nM. Conversely, HepG2 cells were highly susceptible for the MEK-Inhibitor AZD6244, with an IC50 value of 27.8 nM, whereas IC50 value was 3031 nM for Huh7 cells. Hep3B appeared to be intrinsically resistant to AZD6244 with an IC50 value of greater than 10 µM and minimal influence on proliferation even at high concentrations. The effects of MK-2206 on these HCC cell lines were described before by our group [@B37]. Next, we analyzed the efficacy of combining AKT and mTOR, AKT and MEK, or mTOR and MEK inhibition in these cell lines (Figure [1](#F1){ref-type="fig"}).

Combined targeting of AKT and MEK synergistically inhibited proliferation of all HCC cell lines, although the synergistic effect appears less prominent in HepG2 cell line because of its high susceptibility to AZD6244. Fractional effect blots for all cell lines and combinations treatments can be found in Figure [S3](#SM1){ref-type="supplementary-material"}. Similar results have been reported previously in NSCLC, thyroid cancer and cholangicarcinoma cell lines [@B19], [@B30], [@B39].

Vertical inhibition of the AKT-mTOR pathway by combining MK-2206 and AZD8055 yielded robust synergistic effects in the three cell lines, even at low concentrations. Finally, combining MEK inhibitor AZD6244 with the mTOR inhibitor AZD8055 resulted in weak synergistic or mere additive effects in Hep3B and Huh7 cells, whereas the combination was strongly synergistic in HepG2 cells. Similar results were observed when we performed cell cycle analysis of HCC cell lines treated with the afore-mentioned compounds and combinations, as seen in Fig. [2](#F2){ref-type="fig"}A. The combination of MK-2206 and AZD8055, which has shown the most robust impact on proliferation, caused an almost complete reduction of cells in S and G2 phase in Hep3B and Huh-7. Finally, we analyzed the induction of apoptosis in HCC cell lines after treatment with these inhibitors, either alone or in combination (Figure [2](#F2){ref-type="fig"}B). We observed a strong induction of apoptosis only in HepG2 cells when treated with AZD6244 alone or in combination with 2206.

Analysis of intracellular signalling by Western blot
----------------------------------------------------

Next, the effects of MK-2206, AZD6244, AZD8055 and their combinations on intracellular signaling in HCC cells were analyzed by western blot, as seen in Figure [3](#F3){ref-type="fig"}. All inhibitors effectively suppressed the phosphorylation of their respective downstream targets, i.e. AKT, ERK and S6, with the exception of AZD6244 in Huh-7, as described above. Correspondingly, proliferation of Huh-7 cells was almost unaffected at low doses of AZD6244. Figure [S4](#SM1){ref-type="supplementary-material"} demonstrates that although pERK is initially suppressed by addition of AZD6244 within the first 6 hours, it then quickly recovers and restores its former level within 12h following treatment onset. Neither the AKT inhibitor MK-2206, nor the mTOR inhibitor AZD8055 alone were able to significantly reduce the level of pGSK3β (S9) in any of the cell lines analyzed, even though both had a distinct impact on pAKT (S473). However, the combination of both compounds resulted in a synergistic inhibition of pGSK3β levels. This combination also resulted in a more thorough reduction of phosphorylation of mTOR substrate 4EBP-1 at S65, compared to AZD8055 alone (Figure [3](#F3){ref-type="fig"}).

Inhibition of mTORC2 causes elevated phosphorylation of AKT at threonine residue 308 (T308), accompanied by increased residual AKT activity
-------------------------------------------------------------------------------------------------------------------------------------------

Treatment with mTOR inhibitor AZD8055 results in an effective suppression of phosphorylation of AKT at S473 in all three HCC cell lines, as seen in Figure [S1](#SM1){ref-type="supplementary-material"}. However, phosphorylation at T308 shows a rapid recovery to its original or even higher level within 24 to 48 hours (Figure [4](#F4){ref-type="fig"}A). To further investigate the significance of this interaction between AKT and mTOR after mTORC1/2 inhibition in HCC cells, the kinase activity of AKT was measured directly by an in vitro kinase assay. As demonstrated in Figure [4](#F4){ref-type="fig"}B, addition of AZD8055 reduces AKT activity to approximately 15% compared to baseline after 3 h, but is then restored to about 35% within 24h following treatment. This increase of AKT activity correlates to an increase in pAKT T308 of up to four times compared to baseline, whereas pAKT S473 remains strongly suppressed. We also observed a concomitant increase in pGSK3β S9 over time as a readout of the restoration of AKT activity, as seen in Figure [4](#F4){ref-type="fig"}A. This is in line with results published by Rodrik-Outmezguine et al [@B18] and our own findings in cholangicarcinoma cell lines [@B19], suggesting that the increased phosphorylation of AKT at T308 is sufficient for a residual enzymatic activity of AKT. These results also illustrate the rationale for vertical targeting of AKT and mTOR for cancer therapy.

Knockdown of AKT1 and AKT2 in Huh-7 cells is synergistic with inhibition of mTOR
--------------------------------------------------------------------------------

To underline the importance of AKT signaling after mTOR inhibition, we generated Huh-7 AKT1/AKT2 double knockdown cells (Figure [5](#F5){ref-type="fig"}A). Proliferation of control cells treated with DMSO, MK-2206, AZD8055, or the combination of both, and AKT1/2 double knockdown cells treated with DMSO or AZD8055 was measured by cell counting after 72h. As shown in Figure [5](#F5){ref-type="fig"}B, combined MK2206 or knockdown of AKT1/2 with AZD8055 results in an additional inhibition of proliferation compared to inhibition of mTOR or AKT alone.

HepG2 cells overcome high apoptosis induction of AZD6244 after prolonged treatment
----------------------------------------------------------------------------------

Among the three HCC cell lines analyzed, HepG2 cells were most susceptible to MEK inhibitor AZD6244, and a strong induction of apoptosis was only observed in these cells, reflecting the importance of ERK1/2 signaling in HepG2 cells harboring a NRAS mutation [@B40]. To investigate the impact of prolonged exposure to AZD6244, HepG2 cells were cultivated in medium containing 5 µM AZD6244 for six months (these cells will be referred to as HepG2R). As seen in Figure [6](#F6){ref-type="fig"}A, proliferation of HepG2R cells was still affected by AZD6244, but they were significantly more resistant compared to parental HepG2 cells. Furthermore, AZD6244, alone or in combination with MK-2206 or AZD8055, failed to induce apoptosis in HepG2R cells (Figure [6](#F6){ref-type="fig"}B). This is in contrast to the strong induction of apoptosis observed in parental HepG2 cells after treatment with these drugs as shown in Figure [2](#F2){ref-type="fig"}. Rapid development of MEKi resistance has been well documented in other cell lines as well, and reflects a not yet overcome challenge in the clinical application of BRAF and MEK inhibitors [@B41]. Of note, HepG2R cells were also resistant to MEK inhibitor PD0325901, but HepG2R cells were still susceptible to multi-tyrosine kinase inhibitor Sorafenib, as seen in Figure [S5](#SM1){ref-type="supplementary-material"}. HepG2R cells were then treated with AZD6244 either in combination with MK-2206 or AZD8055, as shown in Figure [6](#F6){ref-type="fig"}C. However, in HepG2R cells only the combination of MK-2206 and AZD8055 resulted in a stronger inhibition of proliferation, whereas the combination of AZD6244 with MK-2206, or AZD8055, even had strong antagonistic effects compared to MK-2206 or AZD8055 alone.

Discussion
==========

In this study, we aimed to investigate the effects of combined targeting of the PI3K/AKT/mTOR pathway and the RAS/MEK/ERK pathway, as well as vertical targeting of AKT and mTOR in HCC cell lines. Over the past years, preclinical and clinical evidence has accumulated that pharmacological inhibition of single targets will induce clinically relevant responses only in a minority of cancer patients [@B42]. This might be due to intrinsic resistance of cancer cells [@B43], as well as feedback mechanisms and redundancy among signaling pathways, alleviating the drug effect [@B25], [@B29], [@B44]. For example, RAD001 was shown to be only effective in KRAS wild type breast cancer cell lines harboring PI3KCA mutations [@B43], whereas activating mutations in KRAS results in intrinsic resistance. Furthermore, inhibition of AKT using MK-2206 or mTOR using AZD8055 was shown to result in increased phosphorylation of ERK1/2, indicative of a compensatory activation of this signaling pathway [@B45], [@B46]. Therefore, inhibitor combinations could be used to disrupt critical feedback mechanisms, to overcome intrinsic drug resistance and therefore induce more profound clinical responses [@B47], [@B48]. Combining the AKT inhibitor MK-2206 with the allosteric MEK inhibitor AZD6244 was synergistic in all three HCC cell lines, in line with previous results in another HCC cell line as well as NSCLC cell lines [@B30], [@B45]. Of note, HepG2 was the only HCC cell line tested that exhibited a strong induction of apoptosis after treatment with AZD6244. Induction of apoptosis is supposed to be an important effect of this inhibitor [@B49], and the effect was augmented by the addition of MK-2206. The high susceptibility of HepG2 cells for AZD6244 demonstrates the potential use of NRAS/BRAF mutation status as a biomarker to predict responsiveness to treatment with RAF/MEK inhibitors in HCC patients [@B50], although these mutations are detected in only 1-2% of all HCC (<http://cancer.sanger.ac.uk/cosmic>; 03/2015). A list of mutated cancer genes as reported in the COSMIC Cell Lines (<http://cancer.sanger.ac.uk/cell_lines>) database can be found in Table [S1](#SM1){ref-type="supplementary-material"}. For HepG2, only CTNNB1 (β-catenin) and NRAS-mutations have been reported [@B40], [@B51]. NRAS^Q61L^ mutation is the only present aberration known to predict sensitivity to MEK-inhibitor AZD6244 [@B50]. No correlation between sensitivity to MK-2206, or AZD8055 has been reported for any other mutation listed in Table [S1](#SM1){ref-type="supplementary-material"}. Copy number alterations of the three HCC cell lines were analyzed by Chen et al. [@B52], reporting an EGFR-amplification in Hep3B and Huh7 cells. Amplification of EGFR might result in an activation of downstream PI3K/AKT/mTOR signaling. In preclinical models, activation of PI3K/AKT/mTOR signaling correlated with sensitivity to drugs targeting this pathway [@B53]. However, there is only limited validation for this association in the clinical setting [@B54]. Taken together, the possibility to predicting the sensitivity of cell lines to inhibitors targeting AKT and mTOR is limited, and reliable biomarkers still need to be identified. We have further demonstrated that AZD6244 was unable to achieve a suppression of pERK at low to moderate doses in the less responsive cell lines Hep3B and Huh7 due to a rapid rebound activation upstream of pERK, restoring pERK levels to its original level. A similar effect was observed in melanoma cells harboring KRAS mutations, correlating with a poor response to MEK inhibition [@B55]. These finding underline the importance of appropriate patient selection before therapy initiation using molecular targeted inhibitors. We also investigated the effect of long-term exposure of HepG2 cells to AZD6244, demonstrating that HepG2 cells become resistant to the antiproliferative and proapoptotic effect of AZD6244 within a few months. Combining AZD6244 with either MK-2206 or AZD8055 was unable to reverse the acquired resistance against AZD6244, and we observed even an antagonistic interaction in these combinations. However, HepG2R cells appeared to be more susceptible to treatment with the AKT-inhibitor MK-2206 alone, compared to parental HepG2 cells, and the combination of AZD8055 and MK-2206 still had a weak, synergistic inhibitory effect of HepG2R proliferation. We found the combination of AKT inhibitor MK-2206 and mTOR inhibitor AZD8055 to be most effective in all three HCC cell lines analyzed, resulting in a synergistic inhibition of proliferation even at low concentrations. This is in line with previous results from our group as well as others demonstrating the efficacy of vertical targeting [@B19], [@B56], [@B57]. Here, we have shown that AKT activity is significantly reduced after the initial administration of AZD8055, but quickly recovers to around 35% of the baseline value within the first 24 hours of treatment. This process is accompanied by an increase in pAKT T308, although pAKT S473, which is considered to be most important for full AKT activity and is generated by mTOR complex 2, was thoroughly suppressed throughout the whole time course [@B58]. The increased phosphorylation at T308 is caused by the relief of feedback inhibition on RTK signaling, as previously demonstrated [@B18]. We assume that this feedback mechanism plays an important role for the synergistic effects of vertical AKT/mTOR inhibition, and we confirmed this interaction using a dual knockdown of AKT1 and AKT2 in Huh7 cells. Combining the MEK inhibitor AZD6244 and the mTOR inhibitor AZD8055 resulted in only weak synergistic effects in the three HCC cell lines tested. The same agents were used in rhabdomyosarcoma cell lines, showing strong synergistic effects due to the suppression of a feedback loop between ERK, mTOR and AKT, which was able to maintain tumor cell viability as long as only one signaling pathway was targeted [@B59]. A study on uveal melanoma cells demonstrated that the susceptibility for this inhibitor combination depends on further genetic alterations, especially the presence of guanine nucleotide-binding protein, q polypeptide (GNAQ) mutations, rendering cells less sensitive to MEK inhibitors [@B60]. However, GNAQ-mutations appear to be extremely rare in HCC (<http://cancer.sanger.ac.uk/cosmic>; 03/2015).

In conclusion, we have demonstrated the efficacy of inhibitors targeting the PI3K/AKT/mTOR-, and the RAS/MEK/ERK pathways in HCC cell lines. Combining the AKT inhibitor MK-2206 with either the MEK inhibitor AZD6244, or the mTOR kinase inhibitor AZD8055 resulted in synergistic effects in all three HCC cell lines. We observed the strongest antitumor potential after combined inhibition of AKT and mTOR in Hep3B and Huh7 cells, whereas HepG2 cells were most susceptible to combined inhibition of MEK and AKT/mTOR. Generally, exploiting synergistic effects by combining two or more targeted therapies might allow treatment protocols with lower inhibitor doses, causing less side effects, while still sustaining sufficient impact on cancer cells. Therefore, our results might be used to guide future preclinical and clinical trials to evaluate new, effective treatment regimens.
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![**Combined treatment of HCC cell lines with combinations of MK-2206, AZD6244 and AZD8055 synergistically suppresses proliferation.** HCC cells were seeded into 96-well plates and incubated with increasing concentrations of AKT inhibitor MK-2206, MEK inhibitor AZD6244 or mTOR inhibitor AZD8055 or a combination of two inhibitors, as indicated over 72 h. Controls were treated with DMSO only. Proliferation was analyzed after 72h by BrdU incorporation. Each data point represents mean of three independent experiments measured in triplicated, normalized to controls; bars, SD. \*, p \< 0.05](jcav06p1195g001){#F1}

![**Effects of combined treatment on cell cycle distribution and apoptosis in three HCC cell lines.**(A) Cell cycle analysis of HCC cell lines after 24h treatment with 2 µM MK-2206, 1 µM AZD6244, 100 nM AZD8055, or the combination of two inhibitors, as indicated. Control cells were treated with DMSO only. Columns: mean of one representative experiment performed in triplicates; bars, SD. (B) HCC cells were seeded into 96-well plates and treated with afore mentioned compounds and concentrations for 24 hours, before apoptosis was measured by Cell Death Detection ELISA. Controls were treated with DMSO. Each data point represents three independent experiments, performed in triplicates; bars: SD. \*, p \<0.05.](jcav06p1195g002){#F2}

![**Effects of combined treatment on intracellular signalling in the three HCC cell lines.**HCC cell lines were treated with 2 µM MK-2206, 1 µM AZD6244, 75 nM AZD8055, or a combination of two of compounds, as indicated. PI3K-AKT-mTOR and RAF-MEK-ERK signaling pathway activity was analyzed by western blot with antibodies directed against the indicated targets. HSC70 served as loading control.](jcav06p1195g003){#F3}

![**Inhibition of mTORC1/2 causes upregulation of phospho-AKT at T308, resulting in increased residual AKT activity over time in HCC cell lines.**(A) Hep3B and Huh7 cells were treated with either DMSO or 100 nM AZD8055 for up to 48 h and cell lysates were prepared at the indicated time points. PI3K-AKT-mTOR pathway signaling was analyzed by western blot. HSC70 was used as loading control. (B) Huh7 cells were treated with 100 nM AZD8055 for 0, 3, 6, 12 and 24 hours. AKT *in vitro* kinase assays were performed after quantitative pan AKT immunoprecipitation in triplicates per timepoint. GSK3α/β fusion protein was used as AKT substrate and phosphorylation at S9/21 detected by western blot. pAKT S473 and T308 levels were analyzed by western blot. Bars: SD. \*, p \< 0.05; \#, p \< 0.01](jcav06p1195g004){#F4}

![**Knock-down of AKT is synergistic with mTORC1/2 inhibition.**(A) Knockdown of AKT1 and AKT2 in Huh7 cells was confirmed by Western blot, HSC70 served as loading control. (B) Huh7 SCR and AKT1/2 knockdown cells were incubated with DMSO, 2 µM MK-2206, 100 nM AZD8055, or a combination of both over 72h. After 72h cells were trypsinized and counted, and the relative increase in cell number in given in the graph. The Experiments were performed in triplicates. Bars: SD; \#, p \< 0.01](jcav06p1195g005){#F5}

![**Long term exposure of HepG2 cell to AZD6244 results in acquired resistance.**(A) HepG2 and AZD6244 resistant HepG2R cells were seeded into 96-well plates and treated with increasing concentrations of AZD6244, controls were treated with DMSO. Proliferation was analyzed after 72h by BrdU incorporation. Each data point represents three independent experiments, each performed in triplicates. Bars: SD; \*, p \< 0.05. (B) HepG2R cells were treated with 2 µM MK-2206, 1 µM AZD6244, 75 nM AZD8055, or a combination of two of compounds as indicated for 24h, and induction of apoptosis compared to untreated cells was determined using the Cell Death Detection ELISA kit. No significant induction of apoptosis was observed in any experimental condition in HepG2R cells. (C) HepG2R cells were seeded into 96-well plates and treated with the indicated compounds or their combinations. Proliferation was analyzed after 72h by BrdU incorporation. Each data point represents mean of three independent experiments. Bars: SD. (D) HepG2R cells were treated with 500nM AZD6244 or DMSO. PI3K/AKT/mTOR and RAF/MEK/ERK signaling pathway activity was analyzed by Western blot. HSC70 served as loading control.](jcav06p1195g006){#F6}
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